Regions of positive slope in the pressure-discharge characteristics can result in a reduction or even lack of damping of system instabilities. They are therefore one of the major concerns in design and operation of centrifugal pumps as they are limiting the admissible operating range.
INTRODUCTION
Positive slope in the energy-discharge characteristic of centrifugal pumps has been investigated for a long time. Both experimental investigations and steady numerical simulations have shown that high specific speed impellers experience flow separations when the performance curve exhibit instability (1, 2). Pedersen (3) identifies alternate stall in a 2D-Pump impeller without diffuser. Former experimental and numerical studies on a medium specific pump turbine (4) have shown a flow separation on the diffuser top wall extending back into the runner to be related to an undesirable performance drop. The intense rotor-stator interaction in centrifugal pump with small gaps between impeller exit and diffuser inlet leads to highly unsteady 3-dimensional flow patterns in the rotor stator-interaction zone and the downstream diffuser that can not reasonably be treated using steady approaches (5, 6) . Unsteady RANS approaches (7) and LES simulations (8) have both shown good predictions of unsteady pressure in turbomachinery. Moreover, a part the periodic blade passing frequencies, lower frequency phenomena like alternate stall or rotating stall in the diffuser can occur, especially at part load (9). Sano et al. relate the apparition of diffuser stall to a flat part in the diffuser performance curve and show the influence of the radial impeller-diffuser gap on the onset of different diffuser stall forms (10, 11) . With the aim of investigating an appropriate methodology for predicting pump instability, a rather old design of a double suction pump which exhibits a performance curve with a well marked saddle shape has been selected as a case study. We first introduce the numerical method and the case study geometry and present the obtained performance curve and conclude by a comparative analysis of the simulation results of two operating points.
NUMERICAL METHOD
The flow is simulated by solving the incompressible Reynolds-averaged Navier-Stokes Equations using a commercial finite-volume solver (CFX-5) and closing the turbulent stresses by the Menter-SST-Model. The computational domain consists of block-structured hexahedral meshes containing a few prismatic elements in swept prismatic blocks to avoid low element face angles or collapsed element edges (Fig. 1) . The mesh refinement is chosen based on the experience gained on former test cases (4) and with respect to the number of operating points to investigate. (Fig. 3 ) are used for a convergence and iteration error study:
At 80% flow rate, results on one revolution are obtained using different numbers of time steps n ts and different convergence criteria leading to n cli internal coefficient loop iterations. Table 4 shows the obtained averaged energy coefficient on the last blade passage and the cumulated RMS-Error of the ϕ * vi (t) compared to the finest one (n ts = 840).
RESULTS
The characteristic curve obtained with decreasing flow rate shows a sudden drop of energy coefficient at a flow rate of 75%. The magnitude of the drop in energy coefficient is about 4%. This corresponds well to the performance discontinuity measured on the preliminary design before it was cured by an oblique trim of the impeller blade trailing edge. When leading the unsteady simulations towards higher flow rates again, it reaches the performance numbers obtained downwards at 85% flow rate, a similar hysteresis has formerly been described concerning flow separation in the impeller (1). In the following, the flow fields obtained at 80% flow rate on the downwards branch (S) of the curve will be presented and compared to the simulation results on the upwards branch (U).
At operating point S, the diffuser channel flow rates evaluated on 2 impeller revolutions (Fig. 5a) show a quasi-steady pat- tern of diffuser channels operating at about best efficiency point flow rate alternating with channels that are stalled at about 50% of flow rate. The pattern is not perfectly regular as in the findings of Sano et al. (10, 11) due to the presence of a spiral casing with the tongue and additional stay vanes that create a nonuniform pressure field at the diffuser outlet.
An experimental validation as it was performed in (10, 11) can be employed to asses the predictive capabilities of the numerical method as the time-averaged pressure on the pressure probe locations are inversely correlated to the impeller flow rates (Fig.  5b) . The velocity fields in the neighboring channels v5 and v6 are different as shown in Fig. 6 and whereas the channel v5 at high flow rate has a symmetric velocity field evolution, the flow in channel v 6 is asymmetric, there is a large recirculation zone developing near the diffuser side wall A. Nevertheless, the corresponding time averaged radial and circumferential velocities in stationary frame at diffuser inlet (2), Fig. 7 , are well symmetric, the separated flow zone does not extend into the rotating domain. While the alternated pattern of channels with higher and lower flow rates is still present in U as in S, the asymmetry of the separated flow in the diffuser channels is more pronounced (Fig. 8) and propagates upstream into the impeller. The impeller exit profiles show that the flow on impeller side A has drastically changed (Fig. 9) .
The flow resulting from the asymmetric velocity profiles at the diffuser inlet shows a vortical structure depicted by streamlines based on time-averaged velocity fields of one impeller revolution (Fig. 10 ).
S U

Figure 10. STREAMLINE VISUALIZATION IN THE DIFFUSER CHAN-NEL V7 AT 80% FLOW RATE -SEEN FROM THE VOLUTE
An analysis of energy transfer of the pump in two flow configurations reveals that the main difference are additional losses in the diffuser domain v which are computed by an energy balance over one impeller revolution:
The instantaneous viscous and turbulent losses are obtained by the volumetric integral:
The analysis of these different terms for one impeller revolution reveals that the additional losses occurring for asymmetric flow are located in the diffuser and the spiral casing. The analysis of the volumetric viscous loss term does not reproduce the entire losses which indicates a lack of conservation of kinetic energy in the numerical method. The difference in diffuser losses between both flow configuration is well captured in the volumetric term. The same hysteresis than for global performance number is observed for the flow rate repartition. The flow separation and the discharge imbalance vanish with increasing flow rates when the lower of the two impeller side flow rates reaches the same critical discharge as when the separation first occurs on decreasing flow rates.
Pressure Values for 24 probe points p viA and p viB are extracted from the numerical results for three impeller revolutions for the operating points U and S. The Fourier Series decomposition is computed from the each of signals. The time average values on side A are slightly higher than side B for the asymmetric flow condition (higher pressure on the separated flow side). The more revealing phenomenon is the frequency content of the signals. Whereas the harmonics frequencies of the blade passage frequencies are in the same order of magnitude comparing both cases U and S, there is significantly more broad band noise in the range up to 3 times blade passage frequency f n in the case U of asymmetric separated diffuser flow, especially on the separated flow side A of the diffuser (Fig. 12) . The broad band amplitudes are about 0.2% to 0.5% of the pump head, compared to 1.5% for the harmonics of blade passage frequencies. They can be identified with commonly used measurement and signal analysis techniques.
SUMMARY AND CONCLUSIONS
The unsteady flow simulations of an industrial double suction pump show two major governing phenomena: At operating points below 90% of best efficiency point, patterns of alternate stall occur. Below 80% of b.e.p. flow rate, a one-sided flow separation in the diffuser occurs that influences the impeller exit flow profiles and leads to a strongly vortical flow in the diffuser channel where large amounts of energy are dissipated. These losses affect the characteristic to have a positive slope. This finding is in good agreement with the characteristic measured on the test rig, though it does not appear at the same flow rate. Less diffusive turbulence models such a LES or DES can contribute to the validation of the present RANS-type numerical studies for the operating points of interest, both regarding the overall flow field and the local pressure fluctuation levels. The presented analysis of dynamic pressure differences on the opposite sides of the diffuser provides a prospect of a feasible experimental approach for the identification of asymmetric flow in radial pump diffusers.
